Introduction
During the past few years, the automobile industry has shifted its focus towards the design of light environment friendly fuel efficient vehicles, which in turn has led to the development of a variety of high strength steels. These steels are essentially 'multiphase steels' (at least two different microstructural components) and are designated as Advanced High Strength Steels (AHSS) that combine attractive strength-formability properties.
TRIP aided steels belong to the same AHSS genre and typically have a microstructure consisting of ferrite, bainite and retained austenite. The presence of retained austenite leads to better mechanical properties that are usually attributed to its transformation to martensite on straining. This martensitic transformation is accompanied by a volume expansion and results in a localized increase of strain hardening exponent which delays the onset of necking and ultimately results in higher uniform and total elongation. 1) This is referred to as Transformation Induced Plasticity or TRIP effect.
2) When retained austenite possesses optimal stability it undergoes progressive transformation on deformation. This results in a continuously increasing strain hardening exponent as the TRIP effect is spread out over a larger strain range.
3)
The most common method for studying transformation behaviour of retained austenite in TRIP steels has been estimation of volume fraction of untransformed retained austenite, after intermittent tensile testing. Only recently, techniques like Neutron Diffraction, 4) TEM 5) and EBSD 6) have been used for in-situ study of deformation induced transformation behaviour. Another possible way to detect martensitic transformation during deformation of TRIP steels could be monitoring the acoustic emission (AE) signals due to release of energy. AE is defined in the ASTM standards as "the class of phenomena whereby transient elastic waves are generated by the rapid release of energy from a localized source or sources within a material, or the transient elastic wave(s) so generated". 7) These waves propagate through the material and cause surface displacements, which can be converted to electrical signals using a suitable transducer. AE signals can be basically characterized into two groups: Burst and Continuous. Burst signals refer to acoustic emission events that are of short duration and are well separated in time. The signal amplitudes are much larger than the background noise. Typical parameters monitored for these types of signals are emission counts, event duration time, signal amplitude, emission event energy etc. On the other hand continuous signals refer to AE events, which have the form of a Monideepa MUKHERJEE, 1) Omkar Nath MOHANTY, 2) Shun-ichi HASHIMOTO, 3) Tomohiko HOJO 4) and Koh-ichi SUGIMOTO 5) 1) IIT Kharagpur, India (On leave from TATA STEEL, Jamshedpur-831001, India). E-mail: monideepa13a@gmail.com 2) Formerly TATA STEEL, Jamshedpur-831001, India.
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(Received on January 4, 2006 ; accepted on May 31, 2006 ) Acoustic Emission (AE) signals generated during the tensile deformation of three TRIP-aided steels with different matrix microstructures were monitored. The tensile tests were carried out at four different strain rates varying from 3.33ϫ10 Ϫ5 to 3.33ϫ10 Ϫ2 s Ϫ1 and additional intermittent tests were carried out at the lowest and highest strain rates to estimate the extent of deformation induced austenite to martensite transformation using X-ray diffraction analysis. Good correlation was obtained between AE and X-ray diffraction analyses. Both techniques showed that increasing strain rate restricted progressive transformation of retained austenite to martensite. The energy of continuous AE signals generated during tensile test conducted at high strain rate (3.33ϫ10 Ϫ2 s
Ϫ1
) was found to be directly proportional to the fraction of martensite formed. The proportionality constant (k) was influenced by the matrix microstructure; steels with polygonal ferrite matrix manifesting a higher k value than steels with annealed martensite matrix or bainitic ferrite matrix.
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random oscillatory appearance devoid of distinguishing features. The AE events are closely spaced in time and form a single waveform. The signal amplitudes are only slightly higher than the background noise. In this case, the parameters monitored generally are root mean square (RMS) voltage, average signal level, absolute energy etc. 8) Martensitic transformation is a diffusionless first order phase transition involving a cooperative and almost simultaneous movement of atoms from parent to product phase. This shear type of transformation involves a rapid release of strain energy leading to AE activity. Generation of AE during phase transformation in metals and alloys has been known since the work of Liptai et al. 9) Since then it has been studied extensively for detecting martensitic transformation during continuous cooling and welding experiments involving shape memory alloys and/or steel. [10] [11] [12] [13] [14] [15] [16] These studies show that while a single event of transformation of austenite to martensite could generate a burst type of signal, very high rate of kinetics of transformation can lead to strong overlapping of individual waves resulting in an 'apparent' continuous signal. It may be added by way of clarification that, the term 'continuous' here, is not used in the classical sense of continuous signals, since the amplitude of the transients are quite high.
A large amount of work has also been done to study AE generated during plastic deformation of metals and alloys. [17] [18] [19] [20] [21] [22] [23] [24] Possible sources of AE activity in these cases are believed to be deformation and fracture including crack initiation and growth; crack opening and closure; dislocation avalanche; twinning, in monolithic materials, and fibre breakage and fibre-matrix debonding in composites. It has been observed further that twinning, micro yielding and crack growth are typical sources of burst type of AE signals whereas dislocation motion generates continuous AE signals.
There is very few 25, 26) literature on characterizing AE signals generated during deformation of TRIP steels. Since this involves aspects of martensitic transformation as well as basic deformation phenomena (dislocation motion etc.), analysis of AE signals so generated, promises to be interesting, albeit somewhat complex.
In the present investigation, an attempt has been made to throw light on the AE characteristics associated with the tensile deformation of three TRIP steels. These steels possessed the same chemical composition but displayed different matrix microstructures and retained austenite content. They were tested at different strain rates in order to analyse their possible influence on the transformation phenomena and hence AE characteristics. For this, AE behaviour was correlated with the conventional X-ray diffraction characterization.
Theoretical Background
In their extensive research on using AE as a technique to monitor athermal martensitic transformation during welding and continuous cooling experiments, van Bohemen et al. [11] [12] [13] [14] were successful in demonstrating that AE power is directly proportional to the rate of martensitic transformation. For this they formulated a relationship and the derivation of this relationship is reproduced here.
It was assumed that the energy of the AE waves (E AE ) generated during formation of V m volume of martensite is proportional to the Gibbs' free energy difference, DG g→aЈ , and hence the following expression was obtained.
Here DG g→aЈ is the driving force for austenite to martensite transformation and is the energy necessary to start nucleation and balance the surface energy and transformation strain energy that obstruct the diffusionless transformation. 27 ) From Eq. (1) the rate at which energy is released (AE power) during the transformation was shown to be directly proportional to the volume of martensite formed per unit time, i.e. (4) where RMS is the root mean square voltage of the AE signal, Eqs. (3) and (4) where k is a proportionality constant.
In the work of van Bohemen et al., [11] [12] [13] [14] involving different systems and different conditions, Eq. (6) was verified to hold true in all cases.
The validity of this equation could also be tested for deformation-induced transformation to martensite, provided AE signal is continuously generated and measured. But in the case of TRIP steels, apart from the deformation induced martensitic transformation other mechanisms of the deformation process itself also contribute to the AE energy and so Eq. (6) could get slightly modified in this case.
Experimental Procedure
Vacuum melted cold rolled sheets of 1.2 mm thickness containing 0.4C, 0.5Si, 1.5Mn, 1.0Al, 0.02Nb, 0.1Mo, supplied by Kobe Steel Ltd., were used in this study. Unlike typical TRIP steels, a higher carbon content steel was deliberately chosen to ensure higher amount of retained austenite so as to facilitate AE study. Tensile specimens of 50 mm gauge length and 12.5 mm gauge width (ASTM E8) were machined from the as-received sheets parallel to the rolling direction. These were subsequently heat treated in salt baths using 3 different regimes shown in Fig. 1 , to obtain three different matrix morphologies. The austempering tempera-
ture of 450°C was chosen as preliminary tests conducted at this temperature resulted in maximum volume fraction of retained austenite. The first treatment ( Fig. 1(a) ) results in an annealed martensite matrix 28) (AM steel), the second ( Fig. 1(b) ), in a bainitic ferrite matrix 29) (BF steel) and the third treatment ( Fig. 1(c) ) results in the conventional TRIP aided steel with polygonal ferrite matrix (PF steel).
Tensile tests were carried out on a hard tensile testing machine at mean strain rates varying from 3.33ϫ10 Ϫ5 to 3.33ϫ10 Ϫ2 s Ϫ1 (i.e. cross head speeds varying between 0.1 to 100 mm/min). Further, intermittent tensile tests were carried out at the highest and lowest strain rates using duplicate samples, for five different strain levels, to determine deformation induced transformation behaviour of austenite. For this, volume fraction of the austenite was estimated by X-ray diffractometry (XRD) using the integrated intensities of (200) a , (211) a , (200) g , (220) g and (311) g diffraction peaks of Cu-Ka radiation. The five-peak method was used to reduce the effect of texture, if any. 30) Specimens were prepared from as-heat treated samples as well as the shoulder (grip) sections of the tensile samples for estimating the initial retained austenite characteristics. It was assumed here that the shoulder section undergoes very little strain and hence the original amount of austenite retained after heat treatment, is preserved. On the other hand, specimens prepared from the gauge section of the tensile samples were used to analyze the characteristics of the austenite left untransformed after a certain amount of strain. Carbon concentration of retained austenite was evaluated from the lattice constant measured from the (200) g , (220) g and (311) g peaks, using the equation proposed by Dyson and Holmes. 31) AE signals generated during tensile deformation were recorded and analyzed for all tensile tests using the PCI-2 based AE system of Physical Acoustic Corporation, USA. For this purpose, a wideband differential piezo-electric transducer (WD, 18 mm diameter) with an operating frequency range of 100-1 000 kHz was used. A wide band sensor was selected in preference to a resonant sensor because resonant sensors detect only a narrow band of frequencies. The sensor was fixed to the gauge shoulder transition region of the tensile specimen (Fig. 2) using silicon grease as couplant. Adhesive tape and rubber bands were also used to ensure that the sensor remained fixed throughout the test. To ensure good coupling, lead break tests were performed before all tests using 0.5 mm diameter pencil leads. The transducer was connected to a preamplifier with a gain setting of 40 dB. To remove noise from the actuator etc. a threshold amplitude of 30 dB was selected after performing certain preliminary tests. In addition, reproducibility was verified by repeating tests under similar test conditions. Dummy specimens of other materials were also tested to confirm the same. A complete set of AE signal parameters were measured in the time domain, which include peak amplitude, cumulative counts, RMS voltage, waveform, etc. Dead time was set to 1 000 ms. For RMS voltage, the time constant was set to 0.1 s. Additionally for high strain rates, the time driven data acquisition rate was suitably increased to prevent any data loss. For example, for tests performed at 3.33ϫ10 Ϫ5 s Ϫ1 , the time driven data was acquired every 1 s whereas at 3.33ϫ10 Ϫ2 s
Ϫ1
, the same was acquired every 0.02 s.
Optical microscopy was used to examine the Le Pera etched, as heat treated samples whereas SEM was used to examine the nital etched fractured gage sections.
Results and Discussions

Microstructure and Retained Austenite Characteristics
The optical micrographs of the as heat treated steels are shown in Fig. 3 . The AM steel consists of fine annealed martensite lath matrix (grey) and inter lath second phase consisting of plate like and blocky retained austenite (white) as well as carbide free bainite (black). The BF steel has bainitic ferrite lath matrix (grey-black) with inter lath retained austenite (white). The microstructure appears to be somewhat coarser than the AM steel, but like AM steel, the retained austenite has both blocky as well as plate like morphologies. The PF steel displays fine network structure of polygonal ferrite matrix (grey). The second phase seems to consist of bainite (black), and a large amount of retained austenite/martensite (white).
The retained austenite characteristics are listed in Table  1 . The numerals in parentheses indicate the average retained austenite in the shoulder section of the tensile tested samples. AM steel is found to have a high amount of carbon enriched retained austenite. In BF steels, the initial retained austenite volume fraction (f g o ) is lower but its carbon concentration (C g o ) is high and hence stability of the retained austenite is likely to be similar to that in AM steels. In PF steel, on the other hand, C g o is very low and hence the © 2006 ISIJ retained austenite is likely to be more unstable compared to AM or BF steels. 32) Further, the average retained austenite content in the shoulder section of the deformed PF samples is lower than that in the as heat treated samples. This discrepancy indicates that the highly unstable retained austenite in PF steels undergoes transformation even under very low elastic strains.
Mechanical Properties and Deformation-induced
Transformation Behaviour The engineering stress-strain curves for the three steels tested at different strain rates are shown in Fig. 4 and the typical mechanical properties are listed in Table 2 . The stress-strain curves of PF steels have a distinct yield plateau at all strain rates, which is absent in BF steels. AM steel tested at 3.33ϫ10 Ϫ2 s Ϫ1 shows a small yield plateau which is however, absent when tested at lower strain rates. PF steel has the lowest yield strength (YS) and the highest ultimate tensile strength (UTS) resulting in the lowest yield ratio. At the same time, however, the total elongation (TEL) is lowest in these steels. The best combination of tensile strength and total elongation (UTSϫTEL) is obtained in AM steels. Increasing strain rate clearly causes deterioration of properties in AM and BF steels with the UTS and TEL both decreasing with increasing strain rate. But in the PF steels the effect is not so clear.
Ductility and formability of TRIP steels are controlled essentially by the stability of retained austenite.
1) Transformation of retained austenite (%), as determined by XRD of samples subjected to intermittent tensile tests at the maxi- where f g o is the initial retained austenite and f g is the retained austenite which remains untransformed after a nominal strain of e% ( Fig. 5(a) ) or an equivalent time of t s (Fig.  5(b) ).
In PF steel, most of the retained austenite gets transformed at very low strains (Fig. 5(a) ). This rapid transformation results in the formation of a large amount of martensite, which on one hand generates a large number of mobile dislocations, thus lowering the YS, and on the other hand, the presence of high strength martensite increases the UTS. 33) In AM and BF steels, the retained austenite has higher stability owing to the high C go and hence during slow strain rate tests, slow and progressive transformation takes place, resulting in better properties. On increasing strain rate, transformation shifts to lower strains in all steels, i.e. more transformation takes place at lower strains (Ͻ10 %) and at higher strains, transformation gets suppressed ( Fig. 5(a) ). This could have led to the deterioration of mechanical properties at high strain rate. Figure 5 (b) higlights the diference in transformation rates (with respect to time) at the two strain rates. This is important to understand the AE behaviour, as is discussed in the following sections. Figures 6-8 show the variation of load (kg), AE Count Rate, Amplitude (dB) and RMS voltage (mV) as a function of time for AM, BF and PF steels, respectively, tested at the strain rates of 3.33ϫ10 Ϫ5 and 3.33ϫ10 Ϫ2 s
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Ϫ1
. For the sake of conciseness, only the highest and lowest strain rate data have been selected for analysis. Figure 9 shows variation of cumulative AE counts recorded up to yield strength, 10 % strain and tensile strength at different strain rates in AM, BF and PF steels. ) tests, intense activity is recorded in all three steels during yielding. But unlike the general AE behaviour observed in other materials, [17] [18] [19] [20] AE activity persists in the post yielding stage as well.
In AM and BF steels, the amplitude of most of these AE signals is greater than 35 dB with some even recording as high as 60 dB amplitude. In PF steels on the other hand, very high amplitude (40-75 dB) signals are recorded throughout the entire straining regime.
Waveform examination revealed that most of the signals recorded in the post yielding stage are of burst type. The RMS voltage recorded is low and almost constant throughout the entire straining regime for all three steels.
Plastic deformation of most structural alloys generates AE signals that reaches a maximum near the yield point and diminishes with work hardening. This intense activity during the transition from elastic to plastic deformation has been attributed to a dislocation avalanche due to its generation and multiplication by the operation of the Frank-Read sources and grain boundary sources. Beyond yielding, AE generation is generally found to decrease due to the reduced rate of formation of dislocations and reduced glide distance of dislocations. 17) Therefore, the persistent AE activity recorded here, even after yielding is an interesting observation.
As mentioned earlier, most of the activity recorded at higher strains is of burst nature. General dislocation motion is known to cause continuous activity whereas martensitic transformation and/or crack generation is known to generate burst type of activity. However, sudden increase in dislocation density or sudden motion of dislocations may also lead to burst type of AE activity. 21) In TRIP steels, crack formation usually occurs near or after the UTS. Moreover the SEM micrographs (Fig. 10) of the fractured gauge sections show very few cracks/voids in all three steels. On the other hand, XRD analysis (Fig. 5) clearly shows deformation-induced transformation of retained austenite to martensite in all three steels. It is also known that martensite formation in TRIP steels is accompanied by the formation of geometrically necessary dislocations, that help to accommodate the gradients of deformation between the ferritic matrix and hard inclusions (bainite/prior martensite) and additionally to accommodate the volume expansion and shear deformation accompanying the phase transformation. 33, 34) Both these factors i.e. martensite formation and consequent dislocation generation must have therefore been responsible for the persistent burst type of AE activity observed during the post yielding stage. 26) Keeping this contention in mind, one can relate the similarity in AE response of AM and BF steels (Figs. 6, 7) to their similar deformation induced transformation behaviour at the strain rate of 3.33ϫ10 Ϫ5 s Ϫ1 (Fig. 5) . Whereas very high amount of transformation at low strains in PF steel as shown in Fig. 5(a) , could have caused generation of a large amount of martensite and hence a large number of dislocations, which is believed to have led to the intense (high amplitude) AE activity observed. Regarding the variation of cumulative counts (Fig. 9) , it is observed that at the lowest strain rate (3.33ϫ10 Ϫ5 s
), AE cumulative counts gradually increase in AM and BF steels beyond YS up to 10 % strain and further up to UTS; whereas in PF steel most of the activity is recorded between YS and 10 % strain. In line with the argument that AE activity generated during the post yielding stage was due to deformation-induced martensitic transformation, the variation of cumulative counts at low strain rate agrees well with the variation of retained austenite transformation with strain ( Fig. 5(a) ). The AM and BF steels manifest slow and progressive transformation at the slower strain rate and this could have resulted in the gradual building up of AE activity from YS to UTS, whereas the higher amount of transformation at lower strains in PF steels appears to be associated with the concentration of AE activity below 10 % strain.
High Strain Rate Test (3.33ϫ10
Ϫ2 s
Ϫ1 ) The AE activity recorded during tests at the higher strain rate of 3.33ϫ10 Ϫ2 s Ϫ1 is remarkably different from that recorded during slow strain rate tests (Figs. 6-8 ). Very high AE count rate is recorded in all steels and most of this activity is restricted to lower strains. Moreover, in AM and BF steels, the amplitude of these AE signals is much higher than the corresponding values recorded during the slow strain rate tests. In PF steels, however, the amplitude range is similar for both strain rates. In all three steels, RMS voltage of the signals goes through a peak near the yield point and gradually decreases with increase in strain. Waveform examination revealed continuous AE activity in all three steels.
The effect of strain rate on AE activity has been recorded for a wide range of materials and the general observation is that AE activity is directly proportional to strain rate (Ṅ ∝e˙, Ṅ being the AE count rate and e˙, the strain rate). [17] [18] [19] [20] This is generally believed to be due to the increase in source activation (i.e. number of AE events per unit time interval increases). In materials where dislocation motion is the main source of AE activity, RMS voltage has been shown to increase with strain rate following the relationship, (8) where r m is the dislocation density, b is the Burgers vector and V av the average dislocation velocity. The increase in emission rate is attributed to the increase in dislocation line length with strain rate. 17) In this study, increase in source activation at high strain rate could have resulted from increase in the inherent dislocation line length and/or increase in martensite transformation rate and consequent increase in dislocation density. Increase in the martensite transformation rate (with respect to time) is clearly demonstrated by the XRD analysis ( Fig.  5(b) ), which shows that the overall transformation of 60-80 % is over in just around ϳ10 s during the high strain rate test, whereas this transformation is brought about in 10 000 to 15 000 s during the slow strain rate test. Therefore, this rapid transformation during the high strain rate tests could be the major contributor to the high source activation observed. Continuous nature of the AE signals also indicates a rapid transformation of austenite to martensite. According to earlier studies, fast transformation causes strong overlapping of individual AE transients resulting in an apparent 'continuous' activity. Esmail et al., 10) also observed that when transformation rate is very high, emission bursts are closely spaced and have very high amplitudes similar to the observations in this study.
Further, Fig. 5(a) shows that in all three steels, more transformation takes place at lower strains, during the high strain rate test and deformation induced transformation gets suppressed beyond ϳ10 % strain. This correlates well with the AE response, which shows little or no activity beyond 10 % strain (Figs. 6-9 ).
AE Energy
In order to quantitatively estimate the contribution of martensitic transformation to AE activity, the validity of Eq. (6) , area under the RMS 2 vs. time curve (∫ RMS 2 dt) or AE energy was calculated up to different instants of time and plotted against the martensite fraction formed (calculated from X-ray diffraction data) in the same instants of time (strain). For all three steels, linear plots are obtained, as seen in Fig. 11 , which clearly illustrate that the AE energy recorded is directly proportional to the deformation induced martensite formed. The average (for two samples of each steel) slope (k) and intercept (C) values obtained from these linear plots are shown in Fig. 12 . Comparing the three steels, it is evident that k value is almost similar for AM and BF steels whereas it is much higher for PF steels. An earlier study 14) has shown that k has good correlation with the dislocation density of the martensite formed. Since at this high strain rate, larger amount of martensite transformation takes place in the PF steel, the resultant dislocation density must also be higher, which could have resulted in the high k value. The C value corresponds to the AE signal generated when no martensite has formed. This value can therefore be related to the continuous AE signals generated during yielding. It must be noted that this parameter did not appear in the results of van Bohemen et al. [11] [12] [13] [14] as their studies involved only athermal martensitic transformation which was brought about by cooling below the Ms temperature. In PF steels the C value is quite low, which could be due to the fact that transformation starts at very low strains, may be even before yielding (stress induced martensite transformation 27) ) as indicated by the low retained austenite content of the shoulder section of the tensile samples.
It may be mentioned here that the form of Eq. (6) is valid for the low strain rate tests as well. But unlike at high strain rates, here the overall transformation takes place over a long time interval (Fig. 5(b) ) and so the rate of martensitic transformation, dV m /dt, is very low and RMS 2 being proportional to the rate of martensite formation should also be low, as is indeed observed (Figs. 6-8 ).
Conclusions
The effect of strain rate on deformation induced transformation of retained austenite in TRIP steels with three different matrix microstructures was examined by monitoring the AE signals generated during the tensile tests and XRD analysis of samples subjected to intermittent tensile tests. The main conclusions that can be drawn from this study are:
(1) Acoustic emission recorded during yielding was mainly due to dislocation activity. But the subsequent, persistent burst type of AE activity recorded during low strain rate tests was essentially due to deformation-induced martensite transformation.
(2) Continuous AE activity was recorded during tensile tests carried out at 3.33ϫ10 Ϫ2 s
Ϫ1
, most of which was restricted to lower strains. The RMS voltage showed a peak near the yield point and gradually dropped as deformation progressed.
(3) Both AE and XRD analyses indicated progressive transformation in AM and BF steels tested at 3.33ϫ 10 Ϫ5 s
, whereas the transformation rate increased at lower strains when tested at 3.33ϫ10 Ϫ2 s
. In PF steels most of the transformation was restricted to lower strains at both strain rates, and possibly stress induced martensite transformation also took place during elastic deformation. 
